Abstract: Germinability of dormant seeds or the capacity to germinate under particular conditions is sometimes enhanced by a diurnal alternating temperature regime relative to a constant temperature. Alternating temperature regimes vary in amplitude (difference between the minimum and maximum) and midpoint (average). The aim of this research was to test the effects of amplitude and midpoint regimes on germination of dormant leafy spurge seed from a Fargo, ND population in water and gibberellic acid (GA 3 ). The optimal regimes for germination in both water and GA 3 were 20:30°C (16 h:8 h) and 20:35°C (19 h:5 h), which provided amplitudes of 10°C and 15°C, respectively, with both conditions having a midpoint temperature of 23.3°C. However, midpoint temperature of 22°C to 27°C were equally effective for germination under the 20:30°C and 20:35°C alternating temperature regimes. Additional alternating temperature regimes with amplitudes of 15°C (15:30°C and 10:25°C), 20°C (10:30°C), and 25°C (10:35°C) generally displayed reduced germination in both water and GA 3 , which is likely attributable to the low initial alternating temperature (≤15°C) component of the regime relative to the higher initial temperature of 20°C for the optimum regimes of 20:30°C and 20:35°C. Under the alternating temperature regimes tested, seeds germinated in GA 3 generally displayed higher germination (≥80%) compared with seeds in water (30%-50%).
Introduction
Leafy spurge is a noxious perennial weed of the Northern Great Plains of North America that occurs in rangelands, pastures, and right-of-ways (Best et al. 1980; Lym 2005) . It reproduces both by seeds and vegetatively from underground adventitious buds on the crown and root system. A patch is generally initiated from seeds that can remain viable in the soil as long as 8 yr (Bowes and Thomas 1978) . New patches can be established proximal or distal from an existing one as seeds are dispersed by eruptive dehiscence from the dry capsule (pericarp) up to 4 m from the base of the plant (Hanson and Rudd 1933) ; further dissemination occurs by animals, birds, water, and human activities (Selleck et al. 1962 ). Thus, seeds are an important component in the spread and persistence of leafy spurge.
Many species known to be responsive to temperature fluctuations for germination are weeds of pastures or arable lands and possess a persistent seed bank (Thompson and Grime 1983) . Hanson and Rudd (1933) were the first to examine the effect of temperature on germination of leafy spurge using a population of seed obtained in the vicinity of Fargo, ND. They reported that dry after-ripened leafy spurge seeds germinated very poorly at constant temperatures of 20°C and 30°C (4% and 17%, respectively, after 6 d), whereas germination was more rapid and robust (67% after 6 d) at a diurnal alternating temperature of 20:30°C (18 h:6 h). Similarly, they demonstrated that non-after-ripened (i.e., dormant) seeds germinated slowly at the alternating temperature, with final germination of 54% at 21 d. Our previous research showed that dormant leafy spurge seeds from a Fargo, ND population have a moderate 40% level of germination after 21 d when subjected to a 20:30°C (16 h:8 h) diurnal alternating temperature (Foley and Chao 2008) . Other investigations using seed obtained from various locations tested the efficacy of alternating temperature of 20:30°C (16 h:8 h), 20:35°C (16 h:8 h), 30:10°C (8 h:16 h), and 20:30°C (24 h:24 h) for germination of leafy spurge seeds (Brown and Porter 1942; Selleck et al. 1962; Wicks and Derscheid 1964; Bowes and Thomas 1978; Best et al. 1980) . Unfortunately, with few exceptions, the aforementioned investigations did not report how the seeds were maintained in a dormant state prior to germination; that is, whether seeds were dormant, partially after-ripened, or nondormant. The present study was conducted using dormant leafy spurge seeds.
We verified the observations of Hanson and Rudd (1933) concerning the efficacy of alternating temperature and photoperiod on germination of dormant and after-ripened leafy spurge seeds using another population obtained in Fargo, ND (Foley 2004) . In subsequent experiments, we used a 20:30°C (16 h:8 h) diurnal alternating temperature regime to examine the role of gibberellic acid (GA 3 ) and other growth regulators on germination (Foley and Chao 2008) . Of the growth regulators tested, the 10 mM GA 3 treatment provided the most rapid onset, and final germination was 94% after 21 d. Likewise, the same conditions were employed for determining transcriptome changes associated with constant versus the 20:30°C alternating temperature regime (Foley et al. 2010) , as well as various other treatments utilized to enhance the germinability of leafy spurge seeds (Foley et al. 2012; Foley et al. 2013) .
The various alternating temperature regimes mentioned above have different midpoint and amplitude temperatures depending on the conditions selected. The amplitude is the difference between the maximum and minimum temperature, while the midpoint is the mean or average temperature over the 24 h cycle (Murdoch et al. 1989) . For example, under the alternating temperature conditions of 20:30°C (16 h:8 h) the amplitude is 10°C and the midpoint is 23.3°C (T 1 h 1 + T 2 h 2 /24 h), where T and h are temperatures (°C) and time (h), respectively. Amplitude and midpoint along with thermoperiod (i.e., time spent at warmer temperature) have been shown to explain Chenopodium album germination, except at supra-optimal temperature ranges (Murdoch et al. 1989) . From the germination studies mentioned above, it is apparent that a variety of midpoint and amplitude temperatures were used. However, it remains to be verified in a more systematic manner whether different germination outcomes for leafy spurge are possible when selecting diurnal alternating temperatures with different midpoints and amplitudes. Thus, the aim of this research was to determine if changes in amplitude and midpoint temperatures affect the germination response of leafy spurge seeds from a Fargo, ND population incubated in water and GA 3 .
Materials and Methods
The harvest, cleaning, separation into five increasingly heavy fractions, storage, and surface disinfection of leafy spurge (Euphorbia esula) seeds were done as described by Foley and Chao (2008) . Briefly, plants were harvested in late June to early July 2006 from a field population in Fargo, ND (46°52′37″N, 96°47′23″W). Plants were air dried, seed cleaned by hand, separated by weight with a seed blower, and stored at −20°C to maintain dormancy. Fractions four and five seeds, which averaged 3.0 and 3.3 mg seed −1 , respectively, were used in these experiments. 20 to 25 seeds per treatment were placed in 60 mm × 15 mm Petri dishes containing 1 mL sterile distilled water or 10 mM GA 3 and lined with one Whatman #1 filter paper. Dishes were maintained at diurnal alternating temperatures (Table 1) in a nonlighted incubator in sealed boxes lined with wet paper towels to maintain high relative humidity. Germination, as judged visually by cracking of the seed coat, was Three experiments were undertaken to examine the role of amplitude and midpoint temperatures on germination in water and GA 3 (Table 1) . Experiment 1 investigated the effect of 10°C, 15°C, 20°C, and 25°C amplitude, while maintaining an approximate 23°C midpoint temperature. Two additional treatments were included in this experiment to more closely examine germination at the 15°C amplitude. Seeds germinated at constant 20°C and 30°C served as controls. Experiment 2 investigated holding the amplitude at 10°C using the 20:30°C diurnal fluctuation, while increasing the midpoint from 22°C to 27°C. Similarly, experiment 3 investigated holding the amplitude at 15°C using the 20:35°C diurnal temperature fluctuation, while increasing the midpoint from 22°C to 27°C.
There were three replications per treatment and experiments were repeated at least once. All observed germination percentages were fit to a three parameter logistic germination model Predicted Germination = a/(1 + exp(−(x − x 0 )/b)) where a is the asymptotic germination rate (%), x is the time days at which the populations reaches half its asymptotic germination, x 0 is the time days elapsed between the time the population reaches one-half the asymptotic germination rate and the time it reaches three-fourths germination rate, and b is time in days. Parameter estimates for an experiment were determined with the use of nonlinear regression dynamic fit function of SigmaPlot13 ™ . The parameter estimates for the regression equations (Figs. 1, 2, 3 , and 4) are shown in Supplemental Table 1 . Ninety-five percent confidence intervals were included with the predicted germination curves and mean germination data.
Results and Discussion
Our previous research showed that dormant leafy spurge seeds from this population have a moderate (40%) level of germination when subjected to a 20:30°C (16 h:8 h) diurnal alternating temperature for 21 d (Foley and Chao 2008) . The present study was conducted because systematic investigations on the effect of midpoint and amplitude temperatures associated with alternating temperatures on the germination of genuinely dormant leafy spurge seeds has not been reported. The GA 3 treatments were included to further investigate the additive effect of GA 3 on germination (Foley and Chao 2008) under the various alternating temperatures regimes.
As reported previously (Foley and Chao 2008) , there was no germination of seeds imbibed in water at constant temperatures (Fig. 1a) . However, imbibition in GA 3 at 20°C and 30°C resulted in 72% and 60% germination, respectively (Fig. 1b) , verifying that GA 3 , in part, can circumvent the requirement for alternating temperature for germination of dormant leafy spurge seeds. The mechanism by which GA 3 circumvents the requirement for alternating temperature or other dormancy breaking treatments for leafy spurge is unknown. Therefore, it would be informative to examine changes in the germination transcriptome in response to imbibition in GA 3 to compare with the germination transcriptome in water under constant and alternating temperatures Fig. 2 . Germination of leafy spurge seeds imbibed in water and gibberellic acid (GA 3 ). These seeds were subjected to two additional 15°C amplitude temperatures. The diurnal alternating temperature regimes shown in parentheses were changed to obtain different amplitude temperatures while maintaining the midpoint at 23°C. The 95% confidence intervals are depicted by the narrow blue lines. Parameter estimates are shown in Supplemental (Foley et al. 2010 ) as a means to understand the basis for GA 3 enhanced germination.
Increasing amplitude temperature
Changing the diurnal alternating temperature to increase the amplitude from 10°C to 25°C, while holding the midpoint at approximately 23°C (see Table 1 , experiment 1), resulted in differential germination responses of seeds in water (Fig. 1a) . In our previous study (Foley et al. 2010) , leafy spurge seeds incubated in water for 21 d at 20:30°C (16 h:8 h), which provided a 10°C amplitude, achieved 42%, 21%, and 26% germination for seed harvested in 2006, 2007, and 2008, respec- tively. The same treatment in this study resulted in 45% germination, and there was no difference in germination between the 10°C and 15°C amplitudes (Fig. 1a) . Likewise, no difference in germination was observed between the 20°C and 25°C amplitudes, but the rate and final germination of seeds at the 20°C and 25°C amplitude was reduced by 45% relative to germination for the 10°C and 15°C amplitudes. One or two factors likely account for the decreased germination, with those factors being the higher amplitudes and the lower initial temperature (10°C vs. 20°C) of the alternating temperature regime.
In contrast with germination in water, seeds were relatively more responsive to an increase in amplitude from 10°C to 25°C in the presence of GA 3 as determined by a more rapid onset, rate, and greater germination at A 21 d (Fig. 1b) . Similar to germination in water, no difference in germination was observed between the 10°C and 15°C amplitudes or the 20°C and 25°C amplitudes, but the final germination of seeds at the 20°C and 25°C amplitude was reduced by 9% relative to germination for the 10°C and 15°C amplitudes.
Relative to water, germination in GA 3 overcame, in part, the negative response to higher amplitudes or the lower initial temperature of the alternating temperature regimes. We also examined germination using two additional treatments that provided a 15°C amplitude (see Table 1 , experiment 1), since that amplitude provided slightly greatest overall germination in both water and GA 3 . Imbibition in water at 15:30°C and 10:25°C resulted in 39% and 5% germination, respectively, at 21 d (Fig. 2) , with neither treatment resulting in germination greater than at the 15°C amplitude provided by 20:35°C treatment (Fig. 1a) . Imbibition in GA 3 dramatically increased germination of the seeds incubated in water at 10:25°C (Fig. 2) . Again, this demonstrates the efficacy of GA 3 to induce germination of dormant leafy spurge seeds whether imbibed under alternating or constant temperatures. Nevertheless, the GA 3 enhanced germination of the 10:25°C treated seeds was slightly lower than that of the 15:30°C treated seed, suggesting the 10°C initial A temperature, even for a 3 h period (Table 1) , negatively impacted germinability.
Increasing the midpoint temperature using 20:30°C and 20:35°C alternating temperatures
Since the 10°C (20:30°C, 16:8 h) and 15°C (20:35°C, 19:5 h) amplitude treatments provided the greatest germination in water (Fig. 1) , we held the amplitude constant at 10 and 15°C in experiments 2 and 3, respectively, while increasing the midpoint temperatures from 22°C to 27°C. The onsets and rates of germination in water were very similar at both amplitudes as the midpoint temperature increased (Figs. 3a and 4a) . However, as the midpoint temperature increased under the 10°C amplitude, the optimum midpoint temperature was 22°C, but by 21 d there was no difference in germination between the 22°C and 23°C midpoint treatments (Fig. 3a) . In contrast, as the midpoint temperature increased under the 15°C amplitude, there was little difference in germination (Fig. 4a) .
As expected, imbibition in GA 3 dramatically increased germination regardless of the midpoint temperature for both amplitudes (Figs. 3b and 4b) . Nevertheless, as the midpoint temperature increased under the 10°C amplitude, the GA 3 induced germination was lower when the midpoint temperature was 25°C and 27°C than at 22°C and 23°C (Fig. 3b) . In contrast, as the midpoint temperature increased under the 15°C amplitude, there was little difference in germination (Fig. 4b) .
Germinability of dormant leafy spurge seeds in this population is enhanced by imbibition under a diurnal alternating temperature relative to constant temperature. Partially after-ripened seeds of a related species Euphorbia heterophylla also displayed much greater germinability under a diurnal alternating temperature of 25:35°C versus a constant 25°C (Bannon et al. 1978) . In any event, the amplitude of the alternating temperature regime affects germination in that amplitudes of 10°C (20:30°C) and 15°C (20:35°C) promoted greater germination than amplitudes of 20°C (10:30°C) and 25°C (10:35°C) (Fig. 1a and b) . In the Northern Great Plains amplitudes of 10°C -15°C are likely more prevalent than 20°C-25°C. For example, in April-June, 2006 the average temperature of bare soil in Fargo, ND was 14.6 ± 6.4°C, for a potential amplitude of 12.8°C (https:// ndawn.ndsu.nodak.edu/weather-data-daily.html).
However, the amplitude may not be the sole factor governing germinability as the 15°C to 25°C amplitude data suggests that a low initial alternating temperature (≤15°C) component of the regime, even for a short period of time (Table 1) , tends to reduce germinability in water relative to the higher initial temperature of 20°C (Figs. 1a and 2) . The relatively lower temperatures may be less conducive for germination. For example, Bakke (1936) reported germination of 0%, 8%, and 43% for leafy spurge seeds from an unspecified background at temperatures of 1.1°C -2.8°C, 17.8°C -20°C, and 27.8°C -31.1°C, respectively. A similar low temperature effect was observed with germination in GA 3 (Figs. 1b  and 2 ), although GA 3 ameliorates to a great extent temperature effects on germination.
Under optimum amplitude temperatures [10°C (20:30°C) and 15°C (20:35°C)], the midpoint temperatures from 22°C to 27°C had little, if any, effect on leafy spurge germination (Figs. 3 and 4) . Thus, germinability of these dormant leafy spurge seeds in water is optimum with amplitudes of 10°C and 15°C at diurnal alternating temperatures of 20:30°C and 20:35°C, respectively, and a midpoint around 23°C. Additionally, full germinability can be obtained by germination in 10 mM GA 3 with the aforementioned optimal diurnal alternating temperature conditions. Knowledge of the role of amplitude temperature and GA 3 induction of dormant seed germination could play a role in experiments on thermoperiod (time above the mid-temperature (Murdoch et al. 1989) , germinability of seeds from other leafy spurge populations, and the design of genomics experiments aimed at elucidating mechanisms that regulate dormancy and GA 3 inducted germination of leafy spurge seeds.
